The aim of this study was to evaluate whether transplantation of Schwann cells derived from bone marrow stromal cells (BMSC-SCs) promotes axonal regeneration and functional recovery in completely transected spinal cord in adult rats. Bone marrow stromal cells (BMSCs) were induced to differentiate into Schwann cells in vitro. A 4-mm segment of rat spinal cord was removed completely at the T7 level. An ultra-filtration membrane tube, filled with a mixture of Matrigel (MG) and BMSC-SCs (BMSC-SC group) or Matrigel alone (MG group), was grafted into the gap. In the BMSC-SC group, the number of neurofilament-and tyrosine hydroxylase-immunoreactive nerve fibers was significantly higher compared to the MG group, although 5-hydroxytryptamine-or calcitonin gene-related peptideimmunoreactive fibers were rarely detectable in both groups. In the BMSC-SC group, significant recovery of the hindlimb function was recognized, which was abolished by retransection of the graft 6 weeks after transplantation. These results demonstrate that transplantation of BMSC-SCs promotes axonal regeneration of lesioned spinal cord, resulting in recovery of hindlimb function in rats. Transplantation of BMSC-SCs is a potentially useful treatment for spinal cord injury.
INTRODUCTION
It has been widely believed that axons in the lesioned adult mammalian spinal cord cannot regenerate. This failure of regeneration is attributed to the nonpermissive environment of the damaged adult mammalian spinal cord, the milieu of which is formed of astrocyte-derived inhibitory molecules in the scar tissue, myelin components of oligodendrocytes interfering with the regeneration of axons, lack of trophic support for axotomized neurons, and to the intrinsic neuronal changes, including cell atrophy and death after axotomy (1) (2) (3) . To date, only partial recovery can be obtained after spinal cord injury despite extensive laboratory and clinical investigations.
In contrast to the central nervous system, the peripheral nervous system contains cellular and molecular components capable of eliciting axonal regrowth. Differences in the glial environment may be the key to the dissimilarity of the regenerating capacity between the central and peripheral nervous systems (2) . Peripheral glia are composed of Schwann cells that express various types of neurotrophic factors and adhesion molecules supporting axonal regrowth, and can reconstruct the myelin sheath during the process of peripheral nervous system regeneration (4) . Thus, Schwann cells may have the capacity to promote axonal regeneration of the central nervous system. It has been previously reported that Schwann cells can promote axonal regeneration of lesioned adult rat spinal cord (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) .
Dezawa et al have reported that Schwann cells could be induced from bone marrow stromal cells in vitro and that they effectively promoted regeneration of lesioned sciatic nerves (19) . The aim of this study was to evaluate the efficacy of bone marrow stromal cell-derived Schwann cells (BMSC-SCs) in cell therapy for spinal cord injury. Here we show that transplantation of BMSC-SCs promotes axonal regeneration and functional recovery in completely transected adult rat spinal cord.
MATERIALS AND METHODS

Bone Marrow Stromal Cell Culture and BMSC-SC Induction In Vitro
The culture of dorsal root ganglion (DRG)-derived Schwann cells and bone marrow stromal cells (BMSCs) was performed as previously described (19) . In brief, Schwann cells were harvested from DRG of neonatal rats (19) . Bone marrow cells were collected from the femurs of adult male Wistar rats (SLC, Hamamatsu, Japan), and cells adherent to culture dishes were isolated and cultured as BMSCs. We then performed the BMSC-SCs induction in vitro as previously described (19) . Briefly, BMSCs were incubated with alphaminimum essential eagle medium (alpha-MEM) containing 1 mM beta-mercaptoethanol for 24 hours. After washing with 0.1 M phosphate-buffered saline (PBS, pH 7.4), medium was replaced with alpha-MEM containing 10% fetal bovine serum (FBS) and 35 ng/ml all-trans-retinoic acid (Sigma, St. Louis, MO) for 3 days. Cells were then transferred to alpha-MEM containing 10% FBS, 5 mM forskolin (Calbiochem, La Jolla, CA), 10 ng/ml recombinant human basic fibroblast growth factor (Peprotech, London, UK), 5 ng/ml platelet derivedgrowth factor (Peprotech), and 200 ng/ml heregulin (R&D Systems, Minneapolis, MN) for 7 days. To characterize the induced BMSC-SCs in vitro, we compared the phenotype of BMSC-SCs with that of DRG-derived Schwann cells. We performed immunocytochemistry as previously described (19) . Anti-S-100 rabbit polyclonal antibody (S-100, 1:100; DakoCytomation, Copenhagen, Denmark) and anti-p75 low affinity nerve growth factor receptor rabbit polyclonal antibody (p75, 1:200; Chemicon, Temecula, CA) were used as markers for Schwann cells. Cell nuclei were stained with TOTO-3 iodide (Molecular Probes, Eugene, OR). For the negative control, we performed immunocytochemistry by omitting the primary antibodies.
Spinal Cord Injury and BMSC-SC Transplantation
For experimental spinal cord injury (SCI), we used a total of 18 male Wistar rats aged 8 weeks (average weight 200 g; SLC). Animals were anesthetized with 1.4-1.6% halothane in 1.5 L/min oxygen. Laminectomies were performed at the T7 and T8 levels, leaving the dura intact. The T6 and T9 spinal processes were clamped to fix the spine. The spinal cord was completely transected with microsurgical scissors at the T7 and T8 levels, and the T7 spinal cord segment was removed (Fig. 1A) . A 2-mm-diameter tube made of ultra-filtration membrane (nominal molecular weight cutoff: 10,000 Daltons, Millipore, Bedford, MA) was cut into 5-mm lengths and filled with a mixture of Matrigel (BD Biosciences, Bedford, MA) and BMSC-SCs (2 3 10 6 /each tube), (BMSC-SC group, n = 9) or Matrigel alone (MG group, n = 7) (Fig.  1B) . These grafts were transplanted into the gap between the rostral and caudal spinal cord stumps. For identifying the transplanted cells, the green fluorescent protein (GFP) gene was introduced into BMSCs before the transplantation, using retroviral vector as previously described (19) .
After the transplantation, the T6 and T9 spinous processes were tied together tightly with a 4-0 nylon suture to prevent kyphosis and to obtain contact between the graft and spinal cord stumps (Fig. 1C ). Muscles and skin were sutured layer to layer, and the rats placed in warm cages overnight. Food and water were provided ad libitum. Manual bladder expression was performed twice a day until recovery of the bladder reflex. The BMSC-SC transplanted animals showed no apparent abnormal behavior. All the experimental procedures were performed in compliance with the guidelines established by the Animal Care and Use Committee of Chiba University.
Immunohistochemistry
Animals were perfused transcardially with 4% paraformaldehyde in PBS (pH 7.4) after an overdose of pentobarbital anesthesia 6 weeks after transplantation. Three spinal cord segments (T6-8) including the graft were removed and postfixed in the same fixative overnight, stored in 20% sucrose in PBS at 4°C, and embedded in OCT (Sakura Finetechnical, Tokyo, Japan). Sagittal cryosections (30 mm) were mounted onto poly-L-lysine-coated slides (Matsunami, Tokyo, Japan).
The following primary antibodies were used: antineurofilament 200 monoclonal antibody (NF, 1:400; Sigma), anti-tyrosine hydroxylase monoclonal antibody (TH, 1:400; Chemicon), anti-serotonin rabbit polyclonal antibody (5-HT, 1:5000; Sigma), and anti-calcitonin gene-related peptide rabbit polyclonal antibody (CGRP, 1:1000; AFFINITI, Exeter, UK). After incubation with primary antibodies, the sections were incubated with biotinylated secondary antibodies and reacted with peroxidase-conjugated streptavidin using the protocol from a HISTOFINE kit (Nichirei, Tokyo, Japan). Enzyme signals were detected with hydrogen peroxide and diaminobenzidine (WAKO, Osaka, Japan). We used NF as a general marker for nerve fibers and the following markers for specific nerve fiber populations. THpositive nerve fibers are coerulo-spinal adrenergic nerve fibers and 5-HT-positive nerve fibers are raphe-spinal serotonergic fibers, both of which contribute to motor function (20) (21) (22) (23) . CGRP is a marker for sensory nerve fibers (14, 16, 24) .
To evaluate regeneration of NF-, TH-, 5-HT-, or CGRPpositive nerve fibers, every fourth section was reacted with a specific antibody and the number of immunoreactive (IR) fibers that traversed the lines perpendicular to the central axis of the grafts at rostral (1 mm caudal to the rostral graft-cord interface), middle (middle of the graft) and caudal (1 mm rostral to the caudal graft-cord interface) levels within the grafts were counted in at least 4 samples from each animal; thus the central 480 mm portion of the graft was evaluated by immunohistochemistry ( Fig. 2A, B) . The numbers of nerve fibers between the BMSC-SC and MG groups were compared. Statistical analysis was performed using the Mann-Whitney U test.
To characterize transplanted cells, we performed a double immunofluorescence study for GFP and markers for Schwann cells 6 weeks after transplantation in the BMSC-SC group. Anti-GFP goat polyclonal antibody (GFP, 1:100; SantaCruz, Santa-Cruz, CA) was used as a marker for transplanted cells. Anti-S-100 rabbit polyclonal antibody, anti-p75 rabbit polyclonal antibody, and anti-protein zero mouse monoclonal antibody (P0, 1:300; provided by Dr. Juan J. Archelos, Department of Neurology, University of Graz, Graz, Austria) (25) were used as Schwann cell markers. After reaction with primary antibodies, sections were incubated with Alexa Fluor 488-conjugated anti-goat IgG (Molecular Probes), and Alexa Fluor 594-conjugated anti-mouse or anti-rabbit IgG (Molecular Probes). In a case of P0, the sections were incubated with biotinylated anti-mouse IgG (Nichirei) followed by a reaction with Texas Red-conjugated avidin (1:400, Vector Laboratories, Inc., Burlingame, CA). The fluorescent signals were observed by fluorescence microscopy (ECLIPSE E600; Nikon, Tokyo, Japan).
Assessment of Locomotor Activity
Hindlimb function of animals in both the BMSC-SC and MG groups was assessed using the Basso, Beattie, Bresnahan (BBB) locomotor scale (26) before injury and 1 day, 3 days, and 1-6 weeks (once a week) after injury. Statistical analysis of the 2 groups was performed using a repeated measure ANOVA. Two animals in the BMSC-SC group were retransected at the mid point of the graft 6 weeks after transplantation to evaluate whether the regenerated nerve fibers contributed to hindlimb functional recovery.
RESULTS
Induced BMSC-SCs were morphologically similar to the DRG-derived Schwann cells (Fig. 3A, B) . Immunocytochemistry showed almost all of the induced BMSC-SCs were positive for S-100 and p75, both of which are known as markers for Schwann cells (Fig. 3C, D, E, F) . Thus the induced BMSC-SCs were phenotypically similar to Schwann cells in vitro as previously described (19) .
Macroscopic examination revealed that the grafts had integrated well into the host spinal cords in the BMSC-SC group (Fig. 4) . The average graft diameter was 0.78 mm in the BMSC-SC group and 0.51 mm in the MG group at mid point of the graft. However, there was no significant difference in average graft diameters between the two groups. Tumor formation was not observed in either group.
To evaluate axonal regeneration, we performed immunohistochemistry for NF in the grafts. Because the T7 spinal cord segment was completely removed and replaced by the graft, all of the NF-IR nerve fibers within the graft can be considered as regenerated axons. Present results revealed that the number of NF-IR nerve fibers at all 3 levels within the grafts in the BMSC-SC group was significantly larger than those in the MG group (p , 0.01) (Fig. 5A-F, Fig. 6 ).
To reveal the character of regenerating axons, we performed immunohistochemistry for nerve fiber markers. The numbers of TH-IR nerve fibers at all 3 levels within the grafts in BMSC-SC group were significantly larger than those in the MG group (p , 0.01) (Fig. 7B, C, Fig. 8A) . A very small number of 5-HT-IR or CGRP-IR nerve fibers were observed within the grafts of both groups (Fig. 7D-G) , (Fig. 8B, C) . There was no significant difference in the numbers of 5-HT-IR or CGRP-IR nerve fibers between both groups (Fig. 8B, C) . Double immunofluorescence analyses revealed that GFP-IR transplanted BMSC-SCs were simultaneously positive for S-100, p75, or P0 6 weeks after transplantation, indicating that transplanted BMSC-SCs maintained their specific phenotype in vivo for the long term. In addition, S-100-, p75-, or P0-positive cells without GFP-IR were observed in both rostral and caudal interfaces between graft and host spinal cord (Fig. 9A-F.) , suggesting that endogenous Schwann cells migrated into the graft.
Hindlimb function recovered significantly in the BMSC-SC group from 4 weeks after transplantation, and a significant difference from the MG group was recognized up to 6 weeks after transplantation. The average recovery score in the BMSC-SC group 6 weeks after transplantation was 7.0 (minimum 5 to maximum 10), which indicates all 3 joints of hindlimbs had extensive movement (Fig. 10A) . The best recovery score in the BMSC-SC group was 10, which indicates occasional weight supporting plantar steps, but no forelimb-hindlimb coordination. However, the average recovery score in the MG group was 3.6 (minimum 2 to maximum 5), indicating 2 joints of hindlimbs had extensive movement (Fig. 10A) .
We retransected the grafts at their mid-point in 2 of the rats from the BMSC-SC group 6 weeks after transplantation. Retransection abolished the recovered hindlimb function and no significant recovery was observed 4 weeks after retransection (Fig. 10B) .
DISCUSSION
In the present study, transplantation of BMSC-SCs effectively promoted axonal regeneration, and resulted in functional recovery after complete transection of the spinal cord in adult rats. Retransection of the grafts completely abolished the recovered function in rats from the BMSC-SC group. Accordingly, these data exclude the possibility that transplanted cells enhance the activity of a locomotor pattern generator in the spinal cord, and emphasize that axonal regeneration contributes to functional recovery.
The axonal growth-promoting effects of Schwann cells have been studied in various spinal cord injury models (2) . Regrowth of axons is promoted by implants of cultured Schwann cells in a photochemical spinal cord injury model in adult rats (6) . Schwann cell transplantation promotes axonal regeneration of CGRP-positive sensory fibers in contusive injury (9) and in complete transaction (13) of adult rat spinal cord. Schwann cell transplants also improve the number of remyelinated axons and hindlimb locomotor performance in the moderately contused adult rat thoracic spinal cord (18) . These reports indicate that Schwann cells have the capability to promote axonal regeneration in the lesioned adult rat spinal cord. Thus, Schwann cells are strong candidates for cell transplantation therapy for spinal cord injury.
In the present study, transplantation of BMSC-SCs significantly promoted regeneration of TH-IR nerve fibers, which constitute the coerulo-spinal tract-one of the supraspinal tracts organizing motor function. The present results are consistent with previous reports that regeneration of THpositive nerve fibers is important for hindlimb functional recovery (20) (21) (22) (23) . In contrast to the present results, peripheral nerve-derived Schwann cells failed to promote regeneration of TH-positive fibers in complete transaction (8, 9, 13) or contusion injury (18) , although they could promote THpositive fiber regrowth in a spinal cord hemisection model (16) . We observed only a few 5-HT-IR raphe-spinal fibers and CGRP-IR sensory fibers within the grafts of BMSC-SCs transplanted rats. Transplantation of Schwann cells derived from peripheral nerve promotes regeneration of 5-HT-positive fibers (15, 16) , and CGRP-positive sensory nerve fibers (9, 10, 12, 14, 15) in complete transection of adult rat spinal cord. Differences in axonal regrowth-promoting capability between peripheral nerve-and BMSC-derived Schwann cells may be because of their differential production of various chemicals, including neurotrophic factors and adhesion molecules (2).
The precise mechanism by which BMSC-SCs promote the functional recovery after spinal cord injury is still unclear. Previous studies have shown that Schwann cells secrete various types of growth factors, including NGF, BDNF, and NT3 (2, 4, 10, 15) , and they have a potential to promote regeneration of the injured axons and functional recovery (15, 18, 24) . Thus, it is possible that BMSC-SCs also secrete some growth factors after the transplantation. These growth factors may contribute to the axonal regeneration and the migration of endogenous Schwann cells, though there has been no direct evidence that BMSC-SCs synthesize growth factors in vitro and in vivo.
Transplantation of BMSC-SCs has some advantages compared to the transplantation of Schwann cells derived from peripheral nerves. Firstly, BMSCs are easily harvested because they can be obtained from the iliac crest or femur by bone marrow aspiration. In contrast, harvesting Schwann cells derived from peripheral nerves potentially causes complications, including anesthesia or abnormal pain at the harvesting site. Bone marrow aspiration is much less invasive, and can be performed in outpatients. Secondly, BMSCs are easily expanded in vitro because they can proliferate more vigorously than Schwann cells derived from peripheral nerves. These advantages suggest that BMSC-SCs might be strong candidates for cell transplantation therapy for spinal cord injury.
Several reports have indicated the effectiveness of BMSC transplantation for spinal cord injury. Transplantation of BMSCs significantly improved hindlimb function in a rat spinal cord contusion injury (27) . BMSCs formed guiding strands in contused spinal cord and promoted hindlimb functional recovery (28) . BMSCs enhanced the differentiation of a cocultured neurosphere in vitro and promoted regeneration of injured spinal cord (29) .
Although transplantation of BMSCs is effective, it is difficult to completely control the differentiation of transplanted BMSCs. One cannot exclude the possibility that transplanted BMSCs might differentiate into aberrant cells in the spinal cord. Additionally, cell fusion has recently been proposed as an explanation of stem cell plasticity, raising questions about its mechanisms in adult bone marrow-derived cells (30, 31) . Before transplantation, we manipulated BMSCs to differentiate to the Schwann cell phenotype in vitro. From this standpoint, our method has advantages compared to the transplantation of undifferentiated BMSCs. BMSC-SCs that have been induced to differentiate from BMSCs prior to transplantation have maintained the long term expression of specific markers for Schwann cells in vivo in the present study.
In conclusion, transplantation of Schwann cells derived from bone marrow stromal cells is a potentially useful treatment for spinal cord injury. Although further exploration is needed to establish optimal conditions for more effective axonal regeneration and functional recovery, our study advances us toward using cell transplantation therapy for treatment of spinal cord injury. Hindlimb function recovered significantly in the BMSC-SC group from 4 weeks after transplantation, and a significant difference from the Matrigel (MG) group was maintained until 6 weeks after transplantation (*, p , 0.01). The average recovery score in the BMSC-SC group 6 weeks after transplantation was 7.0 (minimum 5 to maximum 10), which indicates all 3 joints of hindlimbs had extensive movement, whereas that in the MG group was 3.6 (minimum 2 to maximum 5), which indicates 2 joints of hindlimbs had extensive movement. (B) BBB score after retransection of the grafts in rats from the BMSC-SC group 6 weeks after transplantation. Retransection completely abolished the recovered hindlimb function and no significant recovery was observed after retransection for 4 weeks. j, MG group; , BMSC-SC group. Bars 6SE.
